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A numerical investigation of hydrodynamic force and pressure distribution for planing hull has been
carried out. The problem is solved by using a pressure patch distribution method. The method is based
on potential flow theory and with a linearised free surface boundary condition. In some of the previous
studies, it was found that the inversed pressure distribution on the planing hull will be oscillating, i.e.,
a numerical instability problem occurred. In the present study, a robust numerical approach was adopted to
calculate the elementary solution of a pressure patch moving on the free surface. The numerical approach
is applied to flat plate, flat plate catamaran and prismatic planing hulls. No numerical instability has been
found for the predicted pressure distribution on the planing hulls. The predicted results are compared with
those of other published numerical calculations and model tests, a fairly good agreement has been found.
Keywords: Hydrodynamics, pressure patch method, numerical prediction, planing catamaran, prismatic
planing hull
1. Introduction
When a craft is planing its weight is partly supported by the hydrodynamic lift
and the flow separates smoothly from the trailing edge and part of the side hull. This
feature of planing allows researchers to adopt a pressure distribution on the water
surface to represent the effect of the wetted area of a planing surface, and to estab-
lish an integral equation which relates the unknown pressure on the planing surface
to its hull offsets. Although the fundamentals for establishing the integral equation
are the same, numerical approaches to solve the problem may be significantly differ-
ent for different authors. Most of early studies on the planing hydrodynamics dealt
with two dimensional problems or three-dimensional problems with restrictions on
Froude number or aspect ratio [14,26,28]. Finite pressure elements was later adopted
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to represent a three-dimensional planing surface without imposing restrictions on
Froude number and aspect ratio [5,25,31]. However results of these authors showed
unrealistic oscillatory pressure distribution.
To solve the pressure oscillatory problem, Cheng and Wellicome [2] developed
a pressure strip method. In this method, the presence of a planing surface is rep-
resented by an assemblage of strips of transversely variable pressure placed on the
mean free surface. The unknown pressure distribution on each strip is represented by
a sine series with unknown coefficients which are determined by solving an integral
equation relating the pressure distribution to the free surface elevation underneath
the planing hull. A satisfactory convergence was achieved for flat plate hulls. The
transverse pressure strip method was less successful for prismatic planing hulls [3].
In order to avoid oscillatory behaviour of the inversed pressure, Tuck et al. [27]
utilized a least square approach. The obtained pressure distribution is smoother. In
this least square approach, the number of the free surface elevation points was much
more than that of the unknown pressure on the hull. A pyramidal pressure element
distribution model originally developed by Doctors [5] was adopted to solve the
planing problem, and it was found that the matrix for solving the unknown pressure
is ill conditioned [29]. The Singular Value Decomposition technique is used to tackle
the problem. In mathematical terms, this is a similar process to filtering the pressure
distribution.
The property of the influence coefficient of a rectangular pressure element which
is an elementary solution of the pressure patch method for the planing problem has
been re-examined by Xie et al. [33]. Application of the method to a flat plate planing
hull was successful. The inversed pressure distributions are smooth and the lift and
pressure centre also agree well with other existing results.
Several valuable methods using various computational techniques have been de-
veloped in the past. Lai and Troesch [12] developed a three-dimensional numerical
model using vortex lattice method to solve the steady planing problem. A special
vortex condition is applied to obtain accurate details at the leading, side and trailing
edges. Matsumura and Katsui [15] determined the wetted surface of the planing craft
in still water using vortex line and the circulation distribution around the longitudi-
nal sections. Savander et al. [18] formulated the boundary value problem for steady
planing surfaces and utilized a reliable relation between the perturbation potential
and vortex distribution. They obtained numerical results involving hydrodynamic
pressure, lift and resistance for a planing craft at various speeds. Zhao et al. [34]
carried out a 2.5D (2D + t) analysis of a high-speed planing craft in calm water.
Faltinsen [6] gave details on the hydrodynamics of a planing vehicle.
With growing capabilities of computational fluid dynamics, hydrodynamics of re-
alistic high-speed ship hulls can be modelled in great details, including viscous ef-
fects (see for example, [23]). However, simplified flow models, such as those based
on the potential flow theory, remain useful due to their simplicity and low cost of
computation. Noblesse, Delhommeau and Yang [17] provided a practical evalua-
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tion method for point pressure free surface Green function of the steady flow. No
inversed pressure distribution was provided in their study. Based on Maruo’s [14]
slender planing theory, Taravella and Vorus [24] developed a general solution for a
flat and slender planing surface with a vortex distribution method. A singularity dis-
tribution method was also used to tackle the planing problem, where sources were
distributed on both the wetted hull and the free surface, see, for example, [7,11,16].
In parallel with the theoretical development, numerous experimental studies of
planing hydrodynamics have also been carried out, for example, [4,8,13,20,22]. Sav-
itsky [19] derived regression formulae from a series of model tests, the formulae have
been widely used in the prediction of the hydrodynamic characteristics of a planing
craft [6]. Katayama et al. [9] performed the resistance test for the high-speed planing
craft with prismatic hull forms at various speeds and reported the lift and resistance
coefficients.
Purpose of the present paper is to extend the pressure patch method to other plan-
ing hull forms: flat plate catamaran and prismatic hull. Numerical results are pre-
sented. It is found the method is also effective for these planing hull forms.
2. Theoretical formulations
The planing of a craft at a constant forward speed U on the otherwise calm water
can be equivalently transformed into a stationary planing craft, which is represented
by a pressure distribution on the surface of a uniform incoming flow with speed U . It
is assumed that the fluid is inviscid with infinite depth of water and the disturbance
to the main stream caused by the craft is small. A coordinate system oxyz is defined
with xoy plane located at the undisturbed free surface; the xoz plane is the symmetric
about the central plane; oz axes is positive upwards and goes through the stern; ox
axes is positive towards to bow of the craft. A diagram of the coordinate system is
shown in Fig. 1.
The velocity potential of the disturbance should satisfy Laplace equation
ϕxx + ϕyy + ϕzz = 0. (1)
Fig. 1. Coordinate system.
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The following boundary conditions should also be satisfied. On the free surface, the
velocity potential ϕ and the free surface elevation ς = ς(x, y) satisfy the linearized
kinematic and dynamic boundary conditions:
Uςx + ϕz = 0 on z = 0, (2)
p(x, y)
ρ
+ gς(x, y) − Uϕx = 0 on z = 0, (3)
where g is acceleration due to gravity, ρ is water density. On the sea bottom and far
field upstream:
∇ϕ = 0, z → −∞, (4)
∇ϕ → 0, x → +∞. (5)
Additionally, a Kutta condition should be imposed to ensure the flow detaches freely
from the hull at the stern. This will be further explained later. In the present study, the
spray root at the leading edge of the planing hulls is ignored, and the flow separation
at the side edge is not considered, either. The boundary value problem (1)–(5) is
solved by using Laplace transformation method, and the following expression can
be obtained [30]:
ϕ(x, y, z)
=
1
π
2ρU
∫ ∫
S
p(ξ, η) dξ dη
∫
π/2
0
dθ sec θ
× P.V.
∫ ∞
0
kekz
k − k0 sec2 θ
sin[k(x − ξ) cos θ] cos[k(y − η) sin θ] dk
− k0
πρU
∫ ∫
S
p(ξ, η)
∫
π/2
0
sec3 θek0z sec
2 θ cos[k0(x − ξ) sec θ]
× cos[k0(y − η) sec2 θ sin θ] dθ, (6)
where S is the area on which the pressure is applied and k0 = g/U2 is the wave num-
ber. The expression for free surface elevation ς(x, y) can be obtained by substituting
ϕ(x, y, z) into free surface boundary condition (3):
ς(x, y) = 1
π
2ρg
∫ ∫
S
p(ξ, η) dξ dη
×
∫
π/2
0
P.V.
∫ ∞
0
k2 cos[k(x − ξ) cos θ]
k − k0 sec2 θ
cos[k(y − η) sin θ] dk dθ
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+
k20
πρg
∫ ∫
S
p(ξ, η) dξ dη
∫
π/2
0
sin[k0(x − ξ) sec θ]
cos4 θ
× cos[k0(y − η) sec2 θ sin θ] dθ − p(x, y)ρg . (7)
The application of (7) lies on two folds: firstly, one can use this expression to predict
the wave field generated by a known pressure distribution p(ξ, η) moving on the free
surface. This is of practical interest in predicting wash waves of high speed craft
such as an air-cushion vessel and a SES, etc., see, for example, [21,32]. The wash
wave of high speed craft could be potentially damaging to the environment of the
shore lines and dangerous to swimmers in the tourist attractions. This topic will not
be discussed in the present paper. Secondly, if the free surface elevation, η(x, y), is
known, the pressure distribution over the hull surface can be predicted by solving the
integral equation. This is also called the inverse problem and will be investigated in
this study.
In order to solve the three-dimensional planing problem for a given hull with offset
z = zˆ(x, y), we “merely” need to find a pressure distribution p(x, y) that cause the
free surface to take that shape of z = zˆ(x, y) beneath the region of non-zero pressure:
zˆ(x, y) = ς(x, y). (8)
The pressure distribution is defined as
p(x, y) =
{
p(ξ, η), (x, y) ∈ S,
0, (x, y) /∈ S. (9)
In order to solve integral equation (8) for the unknown pressure p(x, y), the wetted
hull surface is divided into a number of rectangular panels, see Fig. 2, a collocation
Fig. 2. Panel arrangement for a planing hull.
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technique is employed where the kinematic boundary condition of the hull surface is
satisfied:
zˆ(xi, yi) =
N
∑
j=1
p(ξj , ηj)D˜ji, (10)
where D˜ji is the influence coefficient at field point (xi, yi) by a pressure element
located at (ξj , ηj) with unit strength.
In order to satisfy Kutta condition at the trailing edge of a planing hull, an extra
row of panels (Kutta panel) are added over which the pressure is set to atmospheric
pressure, and the free surface elevation is to be determined (see Fig. 2):
z˜(xN+i, yN+i) =
N
∑
j=1
p(ξj , ηj)D˜jN+i. (11)
Equations (10) and (11) consist of a closed set of linear algebra equations for the
unknown pressure strength pj and the trailing edge profile z˜N+i, and is solved with
a standard routine.
It is assumed that the length and width of a rectangular panel are 2aj and 2bj ,
respectively. The influence coefficients in (10) and (11) can be written as [10]
D˜ji = −
δji
ρg
− 1
2π2ρg
8
∑
m=1
(−1)m+1
× Re
{
∫
π/2
0
exp[ik0 sec2 θsm(θ)]
sin θ cos θ
× [E1(ik0 sec2 θsm(θ)) − iπ(1 − sgn(sm))] dθ
}
. (12)
where δji represents static free surface depression, δji = 1 for j = i, and δji = 0
for j = i; E1(·) is the exponential integral [1]:
E1(w) =
∫ ∞
0
e−(t+w)
t + w
dt. (13)
There is also a series expression for this integral
E1(w) = −γ − ln(w) −
∞
∑
n=1
(−1)nwn
n · n! , (14)
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where γ = 0.5772156649 . . . , which is also known as Euler’s constant. sm(θ) is
defined as
sm(θ) =
⎧
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎨
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎩
(xi − ξj − aj) cos θ + (yi − ηj − bj) sin θ, m = 1,
(xi − ξj − aj) cos θ + (yi − ηj + bj) sin θ, m = 2,
(xi − ξj + aj) cos θ + (yi − ηj + bj) sin θ, m = 3,
(xi − ξj + aj) cos θ + (yi − ηj − bj) sin θ, m = 4,
(xi − ξj − aj) cos θ − (yi − ηj + bj) sin θ, m = 5,
(xi − ξj − aj) cos θ − (yi − ηj − bj) sin θ, m = 6,
(xi − ξj + aj) cos θ − (yi − ηj − bj) sin θ, m = 7,
(xi − ξj + aj) cos θ − (yi − ηj + bj) sin θ, m = 8,
(15)
where aj and bj are half length and width of the pressure element, respectively.
3. Numerical method
The inverse problem for solving the pressure distribution mentioned above is a
“particular unpleasant task” [27]. It was found that the obtained pressure distribution
has a grid-scale oscillatory behaviour. The main difficulty in solving the problem is
the calculation of the influence coefficients D˜ji where singularity and high oscilla-
tion of the integrand should be dealt with properly. In this section, it is assumed that
the length and beam of a rectangular element are 2a and 2b, respectively. Follow-
ing Xie et al. [33] the following variable change is introduced to stretch the high
oscillation behaviour of the integrands:
u =
⎧
⎪
⎨
⎪
⎩
|γ| sin θ
cos2 θ
, m = 1, 4, 6, 7,
|δ| sin θ
cos2 θ
, m = 2, 3, 5, 8,
(16)
where γ = k0(y − b), δ = k0(y + b), γ = 0, δ = 0. By doing this, the integrands in
(12) are stretched:
J1m = Re
[
∫
π/2
0
exp(ik0 sec2 θsm(θ))
sin θ cos θ
E1(ik0 sec2 θsm(θ)) dθ
]
=
∫ ∞
0
F1m(u) du, (17)
J2m = Re
{
−iπ
∫
π/2
0
exp(ik0 sec2 θsm(θ))
sin θ cos θ
[1 − sgn(sm(θ))] dθ
}
=
∫ ∞
0
F2m(u) du, (18)
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where
F1m(u) = Re
{
2ueitm(u)E1(itm)
4u2 + γ2 − |γ|
√
4u2 + γ2
}
, m = 1, 4, 6, 7, (19)
F1m(u) = Re
{
2ueitm(u)E1(itm)
4u2 + δ2 − |δ|
√
4u2 + δ2
}
, m = 2, 3, 5, 8, (20)
F2m(u) = Re
{
−2πi ue
itm(u)[1 − sgn(tm)]
4u2 + γ2 − |γ|
√
4u2 + γ2
}
, m = 1, 4, 6, 7, (21)
F2m(u) = Re
{
−2πi ue
itm(u)[1 − sgn(tm)]
4u2 + δ2 − |δ|
√
4u2 + δ2
}
, m = 2, 3, 5, 8, (22)
where
tm(u) =
⎧
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎨
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎩
√
2αu
G1
+
γ
|γ| u, m = 1,√
2βu
G1
+
γ
|γ| u, m = 4,√
2αu
G1
− γ|γ| u, m = 6,√
2βu
G1
− γ|γ| u, m = 7,
(23)
tm(u) =
⎧
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎨
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎩
√
2αu
G2
+
δ
|δ| u, m = 2,√
2βu
G2
+
δ
|δ| u, m = 3,√
2αu
G2
− δ|δ| u, m = 5,√
2βu
G2
− δ|δ| u, m = 8,
(24)
where G1 =
√
|γ|
√
4u2 + γ2 − γ2, G2 =
√
|δ|
√
4u2 + δ2 − δ2, α = k0(x − a)
and β = k0(x + a). It can be seen that the highly oscillatory behaviour of the in-
tegrands has been eliminated as u → ∞ (i.e., θ → π/2), in fact, tm(u) → ±u as
u → ∞. The integrals in (17) and (18) have a logarithmic singularity at lower limit
of u = 0, however, when summing up all the 8 terms together, it will be regular,
and convergence of the integral at the upper limits is also guaranteed [33], though
(18) converges more slowly than (17), see below. Another singularity problem in
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the integrals is the logarithmic singularity in the integrands of (17), which is equally
important for this problem. In fact, there will be zero points for
tm(u) = 0, m = 1, 2, . . . , 8. (25)
Substituting (23) and (24) into (25), one can get these zero points:
uˆ1,6 =
|α|
√
α2 + γ2
|γ| , (26)
uˆ4,7 =
|β|
√
β2 + γ2
|γ| , (27)
uˆ2,5 =
|α|
√
α2 + δ2
|δ| , (28)
uˆ3,8 =
|β|
√
β2 + δ2
|δ| . (29)
Theoretically, this singularity is integrable, accurate integrating schemes should be
used. In fact, by using Taylor’s expansion:
tm(u) = tm(uˆm) + t′m(uˆm)(u − uˆm) + . . . , (30)
where t′m(uˆm) is the first-order derivate at zero point of tm(u) = 0, i.e., tm(uˆm) = 0.
On the other hand,
E1(itm(u)) = −γ − ln(itm(u)) −
∞
∑
n=1
(−1)n(itm(u))n
nn! . (31)
After keeping up-to the 1st-order term:
E1(itm(u)) ≈ −γ − ln[it′m(uˆm)(u − uˆm)]
−
∞
∑
n=1
(−1)n[it′m(uˆm)(u − uˆm)]n
nn!
. (32)
Assuming ε is a small positive real number, for m = 1, 4, 6, 7
Jε1m =
∫ uˆm+ε
uˆm−ε
F1m(u) du
≈ 2uˆm
4uˆ2m + γ2 − |γ|
√
4uˆ2m + γ2
∫ uˆm+ε
uˆm−ε
Re[E1(itm)] du
≈ 2uˆm
4uˆ2m + γ2 − |γ|
√
4uˆ2m + γ2
{
2(1 − γ)ε − 2ε ln[ε · |t′m(uˆm)|]
}
. (33)
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It can be seen that Jε1m → 0 as ε → 0. The same procedure can be applied for m =
2, 3, 5, 8. Thus, the logarithmic singularity is integrable. Having shown convergence
of the integrals in the influence coefficients, the next is to demonstrate a practical and
effective method for the evaluation of these coefficients. Equation (12) is rewritten
as
D(x, y) = ρgD˜(x, y) = D1(x, y) + D2(x, y), (34)
where
D1(x, y) = −δji −
1
2π2
∫ uc
0
f1(u) du, (35)
D2(x, y) = − 12π2
∫ uc
0
f2(u) du, (36)
where uc is the truncated up limit of the infinite integrals, and
f1(u) =
8
∑
m=1
(−1)m+1F1m, (37)
f2(u) =
8
∑
m=1
(−1)m+1F2m. (38)
In order to calculate the influence coefficients with high accuracy, it may be worth to
look at characteristics of the integrands in (35) and (36). Figures 3–7 show samples of
the integrands. The panel length based Froude number is defined as fn = U/
√
2ag.
In Figs 3 and 6, the major contribution to the integral, D1, is coming from the regions
near the logarithmic singularity points (uˆ ≈ 0.01737 in Fig. 3, and uˆ ≈ 6.5401 and
uˆ ≈ 7.8446 in Fig. 7). The integrands change sharply near these points, the slope
also depends on craft speed and the length/beam ratio of the element. An accurate
Fig. 3. Integrand in (34) for a/b = 1.64, fn = 7.429 at (x, y) = (0, 0).
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Fig. 4. Integrand in (34) for a/b = 1.64, fn = 7.429 at (x, y) = (0, 0).
Fig. 5. Integrand in (34) for a/b = 1.64, fn = 7.429 at (x, y) = (0, 0).
Fig. 6. Integrand in (34) for a/b = 1.64, fn = 7.429 at (x, y) = (−22a, 0).
scheme should be used near these regions during the numerical integration: fine steps
will be needed in Simpson’s rule or a proper interval in Gaussian quadrature scheme
is necessary. In Figs 4 and 7, the integrands of D2 show an oscillatory behaviour
with monotonic decay amplitude, as it is expected the oscillating period trends to be
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Fig. 7. Integrand in (34) for a/b = 1.64, fn = 7.429 at (x, y) = (−22a, 0).
Fig. 8. Convergence of D1 for a/b = 1.64, fn = 7.429 at field points A (−11a, 2b) and C (−11a, 8b).
(Colors are visible in the online version of the article; http://dx.doi.org/10.3233/ISP-2011-0072.)
approximately 2π, see (23) and (24). A sharp change also be observed near u = 0 in
Figs 3 and 5.
In the numerical calculations, the infinite integrations in (34) are truncated at some
upper limits, uc, as shown in (35) and (36). Figures 8 and 9 show examples of con-
vergence of the integrals in (35) and (36) at three field points: A (−11a, 2b), B (0, 0)
and C (−11a, 8b); the pressure panel is located at (0, 0) with a length/beam ratio of
a/b = 1.64 and the panel length based Froude number fn = U/
√
2ag = 7.429. It
can be seen that when truncating at about uc = 50, D1 is convergent quite well (with
4 digital accuracy), while for D2, the upper limit, uc should be more than 30,000 to
reach the same accuracy. This means that D1 converges quicker than D2. This prop-
erty is useful for improving efficiency of numerical calculation due to frequent calls
of exponential function consumes relatively more computing time. In order to solve
the planing hydrodynamic problem, normally, the relative coordinates will need to
cover the region of x = [−L ∼ L], y = [−B, B], where L is water plane length
of the planing hull, while B is the hull beam. The symmetric properties also can be
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Fig. 9. Convergence of D2 for a/b = 1.64, fn = 7.429 at field points A (−11a, 2b) and B (0, 0). (Colors
are visible in the online version of the article; http://dx.doi.org/10.3233/ISP-2011-0072.)
Fig. 10. Sample of the influence coefficient D1(x, y). (Colors are visible in the online version of the
article; http://dx.doi.org/10.3233/ISP-2011-0072.)
used to save the computing effort. D1(x, y) is symmetric about x = 0 and y = 0,
i.e., D1(x, −y) = D1(x, y), D1(−x, y) = D1(x, y), D1(−x, −y) = D1(x, y), only
values for the first quarter of the domain need to be calculated. On the other hand,
D2(x, y) is symmetric about x-axes: D2(x, −y) = D2(x, y), thus only values on the
first and second quarters need to be calculated. Figures 10 and 11 show samples of
the influence coefficients.
As mentioned previously, the logarithmic singularity points in F1m(u) also play an
important role in the evaluation of the influence coefficients. If there are Nx panels
in longitudinal direction and Ny panels in transverse direction (maximum), so 2a =
Lw/Nx, 2b = B/Ny . The minimum and maximum locations of the logarithmic
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Fig. 11. Sample of the influence coefficient D2(x, y). (Colors are visible in the online version of the
article; http://dx.doi.org/10.3233/ISP-2011-0072.)
singularity points will be
(uˆ)min = 12f2n
√
1 + 1(2Ny + 1)2
(
a
b
)2
, (39)
(uˆ)max = (2Nx + 1)2f2n
√
1 + (2Nx + 1)2
(
a
b
)2
. (40)
It can be seen from (39) that, when the number of the buttocks for a planing craft,
Ny , is large; the panel length based Froude number, fn, is also large as well, thus
the minimum value of the singularity point is very small, uˆ → 0, which requires a
proper integration scheme.
4. Numerical results
4.1. Flat plate planing hull
Numerical tests have been carried out for convergence analysis of the inverse pres-
sure for the planing problem with the above numerical approach. It is found that
accurate calculation of the influence coefficient is vital to avoid the numerical insta-
bility. Once the convergence analysis is finished, computing time for the numerical
calculation of the influence coefficient in (34) will be within a minute for a normal
desktop computer.
Figure 12 shows an example of the convergence for the predicted pressure distri-
bution on the central line of a flat plate planing hull. Beam/length ratio of the plate
is B/L = 0.67, the hull length based Froude number is Fn = U/
√
gL = 2.86. Four
N. Xie and D. Vassalos / Hydrodynamics of planing flat catamaran and prismatic hulls 129
Fig. 12. Convergence of pressure distribution on the central line for a flat plate planing hull. (Colors are
visible in the online version of the article; http://dx.doi.org/10.3233/ISP-2011-0072.)
Fig. 13. Convergence of the pressure distribution for a flat plate planing hull with various patches
(B/L = 1.2, Fn = 1.50, ix = 11). (Colors are visible in the online version of the article; http://dx.doi.
org/10.3233/ISP-2011-0072.)
truncations in the infinite integrals in (35) and (36) are used: uc = 1000, 1500, 5000
and 50,000. At lower truncations (uc = 1000, 1500) which also means lower ac-
curacy of the influence coefficients in this case, the pressure distribution exhibits a
grid-scale oscillation behaviour; when further increasing truncation of the integral
(uc = 5000, 50,000), the pressure distribution on the planing hull becomes smooth
and the numerical instability disappears. In this paper, unless otherwise indicated,
the non-dimensional pressure coefficient is defined as
Cp =
p
0.5ρU2τ , (41)
where τ is trim angle of the planing craft.
Figure 13 shows an example of the convergence of the numerical computations to
the number of distributed pressure patches. The flat plate planing hull has a length-
beam ratio of L/B = 1.2, and speed of the craft is Fn = 1.5. The planing surface is
divided longitudinally into Nx panels and transversely into Ny panels, respectively.
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During this convergence study, Nx is fixed as 11, while Ny is taken as 3, 5, 7, 9 and
11, respectively. This will result the number of distributed pressure patches from 33
to 121. The calculated pressure distributions on the strip at ix = 11 (near bow of
the craft) are shown in Fig. 13. It can be seen that the convergence of the present
numerical calculation to the number of pressure patches is satisfactory.
Figure 14 shows the pressure distribution on the central line for a flat plate planing
hull of L/B = 1.07, the hull beam based Froude number Fb = U/
√
gB = 12.2 and
trim angle τ = 6◦. It can be seen that results of the present prediction agree well
with Kapryan’s model test measurements [8].
Figure 15 shows the pressure distribution for a flat plate hull of L/B = 2.0 at the
length based Froude number Fn = U/
√
gL = 2.0. The numbers of the unknown
pressure strengths and offset points are the same (N = 176). It can be seen that
the predicted pressure distribution is smooth and free of the numerical irregularity.
A similar case was predicted by Tuck et al. [27]. In the calculation of Tuck et al., the
Fig. 14. Pressure distribution on the central line of a flat plate planing hull (L/B = 1.07, Fb = 12.2,
Cp = p/(0.5ρU2)).
Fig. 15. Pressure distribution for a flat plate hull at Fn = U/
√
gL = 2.0.
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Fig. 16. Pressure distribution for a flat plate hull with L = 80 m, B = 40 m at U = 40 knots [27].
hull length is L = 80 m and width is B = 40 m, displacement of the craft is 3200
tonnes and craft speed is 40 knots. 2000 offset points and 176 pressure elements were
used for the least square approach in the calculation. The result is reproduced and
shown in Fig. 16 for the purpose of comparison. The Froude number of Tuck et al.
differs from that of the present study, thus the pressure magnitude and distributions of
the two calculations may be different. Nevertheless it can be clearly seen that results
of Tuck et al. still have some small wavy oscillations after the least square process.
4.2. Numerical prediction for flat plate catamaran
The pressure patch distribution method is applied to the hydrodynamics analysis
of a flat plate planing catamaran. The two demi-hulls are represented by two pres-
sure distributions on the free surface. The hydrodynamic interaction between the two
demi-planing hulls can be investigated. Origin of the coordinate system is located at
the stern and central plane of the catamaran, see Fig. 17. The length and beam of
a demi-hull are L and B, respectively. Distance between the central line of the two
demi-hulls is Sp. The wetted hull surface of the flat plate planing catamaran is di-
vided into a number of rectangular panels, see Fig. 17. A row of Kutta panel is added
at the stern of each demi-hull (omitted in Fig. 17).
For all the numerical examples in this section, the number of pressure patches for
each demi-hull is 70. Figure 18 shows the predicted pressure distribution on the cen-
tral line of the demi-hull for a flat plate catamaran with B/L = 0.35, Sp/L = 0.4.
At lower speed, there are higher pressure regions on aft part of the hull, as the craft
speed increases, the pressure on aft part of the hull decreases and the pressure centre
shifts towards to the bow. The predicted pressure distributions are well behaved and
without the grid-scale oscillation.
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Fig. 17. Wetted areas of the catamaran demi-hulls.
Fig. 18. Pressure on the central line of the demi-hull for a flat plate catamaran planing hull. (Colors are
visible in the online version of the article; http://dx.doi.org/10.3233/ISP-2011-0072.)
Fig. 19. Pressure distribution of a flat plate planing catamaran at Fn = 4.0.
Figure 19 is a sample of the pressure distribution on the flat plate catamaran hull
at the hull length based Froude number Fn = U/
√
gL = 2.5, and again, the pres-
sure distribution over the whole hull surface exhibits the same characteristics and is
free of the numerical instability. Figures 20 and 21 show the effect of the demi-hull
separation on the dynamic lift and pressure centre. The separations between the two
demi-hulls are Sp/L = 0.4, 0.5 and 0.7, respectively. The results of a flat plate plan-
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Fig. 20. Lift coefficient for the flat plate catamaran planing hull. (Colors are visible in the online version
of the article; http://dx.doi.org/10.3233/ISP-2011-0072.)
ing mono-hull which is the same as the demi-hull are also plotted for the comparison.
For the catamaran hull, the non-dimensional lift is defined as
CL =
FL
0.5ρU2B2τ × 2 , (42)
where FL is the lift force and the non-dimensional pressure centre is defined as
Lcp =
xcp
L
, (43)
where xcp is distance of the pressure centre to stern. For a mono planing hull, the lift
coefficient is defined as
CL =
FL
0.5ρU2B2τ . (44)
The hydrodynamic interaction between the demi-hulls can be observed in Fig. 20.
The dynamic lift is very different from that of the mono-hull for a small demi-hull
separation, however, the trends of lift force against craft speed are similar.
Figure 21 is the results of the predicted pressure centre. The pressure centre is less
sensitive to the demi-hull separations. Figures 22 and 23 show the effect of demi-hull
separation on the pressure on the central line. The dynamic pressure increases as the
demi-hull separation decreases.
It should be mentioned that a linear potential theory is used in this study, there-
fore, any non-linear effect such an non-linear wave–hull (demi-hull) interaction was
not accounted for. This may affect the validity of the present results (like any other
similar theories) in some cases.
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Fig. 21. Pressure centre for the flat plate catamaran planing hull. (Colors are visible in the online version
of the article; http://dx.doi.org/10.3233/ISP-2011-0072.)
Fig. 22. Pressure on the central line for the flat plate planing catamaran. (Colors are visible in the online
version of the article; http://dx.doi.org/10.3233/ISP-2011-0072.)
Fig. 23. Pressure on the central line for the flat plate planing catamaran. (Colors are visible in the online
version of the article; http://dx.doi.org/10.3233/ISP-2011-0072.)
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4.3. Numerical prediction for prismatic planing hull
The prismatic planing hull is also subjected to the calculation. Figure 24 shows a
definition of the hull, where β and τ are the deadrise angle and the trim angle, respec-
tively. B is hull beam; LC and LK are the wetted chine and keel length, respectively.
h is the stern draft and d is the chine draft. The pressure patch arrangement is depic-
tured in Fig. 2.
Figures 25 and 26 show the dynamic lift and the pressure centre of a prismatic
planing hull. The chine and keel wetted lengths of the hull are LK/B = 1.5, LC/B =
1.0, respectively. The predicted results of Cheng and Wellicome [3] using the trans-
verse pressure strip method and results obtained from Savitsky’s empirical formula
[19] are also plotted in the figures.
In the transverse pressure strip method, the pressure along the span of a strip is
expressed by a sine series as:
p(y) =
N
∑
n=1
An sin
[
nπ
2B
(y + 0.5B)
]
, −B/2  y  B/2. (45)
Fig. 24. Definition of a prismatic planing hull, B – width, β – deadrise angle, τ – trim angle, LK – keel
wetted length, h – stern draft, d – chine draft.
Fig. 25. Lift coefficient for a prismatic planing hull (LK/B = 1.5, LC/B = 1.0).
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Fig. 26. Pressure centre of a prismatic planing hull (LK/B = 1.5, LC/B = 1.0).
Fig. 27. Pressure distribution for a prismatic planing hull. (Colors are visible in the online version of the
article; http://dx.doi.org/10.3233/ISP-2011-0072.)
It can be seen from these figures that the present results agree with that of Savit-
sky better than those predicted by Cheng and Wellicome. The lift force coefficients
of Cheng and Wellicome are sensitive to the Froude numbers. This is probably be-
cause the transverse strip with sine series pressure terms will have difficulty in mod-
elling the pressure distribution at fore part of the planing hull, as indicated by Cheng
and Wellicome. In fact, as it can be seen from Figs 27–29, there are stagnation
points along the front waterline where the dynamic pressure is high. The constant
pressure patch distribution method has the flexibility to model the profile of this
pressure distribution, while the transverse pressure strip method assumes sine term
representation where the pressure trends to zero near both ends of each strip (see
(45)), therefore it would be unable to reflect this type of distribution. Total of 205
pressure patches were used to represent the prismatic planing hulls in the calcu-
lations of Figs 25–30. Definition of the non-dimensional lift force for a prismatic
hull is the same as in (44), while the non-dimensional pressure centre is defined as
Lcp = xcp/B. The definitions of CL and Lcp for a prismatic hull in this paper are
slightly different from those of Cheng and Wellicome, these results are transformed
into the present definitions in Figs 25 and 26 for the comparison.
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Fig. 28. Pressure distribution for a prismatic planing hull (LK/B = 1.5, LC/B = 1.0).
Fig. 29. Pressure distribution for a prismatic planing hull (LK/B = 1.5, LC/B = 1.0).
Fig. 30. Predicted trailing edge profile of a prismatic planing hull (LK/B = 1.5, LC/B = 1.0). (Colors
are visible in the online version of the article; http://dx.doi.org/10.3233/ISP-2011-0072.)
Figure 30 shows an example of the predicted trailing edge profile for a pris-
matic planing hull with wetted keel length of LK/B = 1.5 and wetted chine length
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LC/B = 1.0. The predicted trailing edge profiles are slightly bended comparing
with hull transom stern, however, dependence of the predicted trailing edge profile
on planing speed is negligible.
5. Conclusions
A pressure patch distribution method has been applied to predict the hydrody-
namic force and pressure distribution on flat plate planing hulls, flat plate plan-
ing catamaran hulls and prismatic hulls. The infamous singularity problem found
in some of the previous studies using a similar method has been eliminated: the
grid-scale oscillatory behaviour for the pressure distribution has been removed and
a smooth pressure distribution is obtained. The predicted pressure distribution, lift
force and pressure centre are compared with other existing data, a satisfactory agree-
ment has been found.
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